We hypothesized that, in acute endotoxin-induced fetal cardiac dysfunction, atrial (ANP) and B-type (BNP) natriuretic peptide mRNA expressions are increased in proportion to the severity of fetal cardiovascular compromise in mouse. To investigate in vitro the effect of endotoxin-induced inflammation on cardiac natriuretic peptide expression, fetal hearts were harvested at 15-16 d of gestation and incubated for 6 h with lipopolysaccharide (LPS). To examine the relationship between fetal cardiovascular compromise and cardiac natriuretic peptide expression in endotoxin-induced cardiac dysfunction in the in vivo model, fetuses received intra-amniotically 25 L LPS (10 g/mL) or 25 L of 0.9% saline. Fetal Doppler ultrasonography was performed before and six hours after the injections. In in vitro cultured fetal hearts, LPS induced the production of proinflammatory cytokines without affecting the basal expressions of natriuretic peptides. In the in vivo model, Doppler ultrasonography revealed severe cardiac dysfunction after LPS injection. No significant changes in ANP or atrial BNP mRNA were found. The fetal ventricular BNP mRNA levels were about 2.6-fold in the LPS group compared with the control group. Decreased fetal cardiac outflow mean velocity, increased proportion of isovolumetric contraction time of the cardiac cycle, and increased pulsatility indices of the descending aorta and inferior vena cava were related to elevated ventricular BNP mRNA levels. Our results show that LPS did not increase the mRNA expression of natriuretic peptides in cultured fetal hearts. In contrast, fetal ventricular BNP gene expression was increased in proportion to the severity of the hemodynamic compromise in vivo. (Pediatr Res 59: 180-184, 2006) I n human pregnancies complicated by preterm premature rupture of membranes, fetal cardiac function seems to be altered, particularly in cases with intraamniotic infection (1). In addition, premature infants born after chorioamnionitis demonstrate hemodynamic disturbances (2). In a fetal mouse model, endotoxin from Gram-negative bacteria (LPS) in the amniotic fluid acutely increased IL-1␤ and tumor necrosis factor-alpha (TNF-␣) mRNA expressions in the myocardium, and the fetuses demonstrated a significant cardiovascular compromise (3) Presumably, the inflammatory response in the fetal myocardium combined with the increased afterload led to severe cardiac dysfunction.
I n human pregnancies complicated by preterm premature rupture of membranes, fetal cardiac function seems to be altered, particularly in cases with intraamniotic infection (1) . In addition, premature infants born after chorioamnionitis demonstrate hemodynamic disturbances (2) . In a fetal mouse model, endotoxin from Gram-negative bacteria (LPS) in the amniotic fluid acutely increased IL-1␤ and tumor necrosis factor-alpha (TNF-␣) mRNA expressions in the myocardium, and the fetuses demonstrated a significant cardiovascular compromise (3) Presumably, the inflammatory response in the fetal myocardium combined with the increased afterload led to severe cardiac dysfunction.
ANP and BNP are secreted in response to cardiac volume and pressure overload (4) . They increase salt and water excretion, enhance capillary permeability, and cause direct relaxation of vascular smooth muscle (4) . In adults, ANP is mainly produced by the atria, whereas the ventricles are the main production sites of BNP. In fetuses and neonates, the ANP gene is very actively expressed in the ventricles (5) .
The present study was designed to further explore the relationships between myocardial inflammation, fetal cardiovascular hemodynamics, and myocardial expression of natriuretic peptides in acute endotoxin-induced fetal cardiac dysfunction. We hypothesized that intra-amniotic LPS increases fetal cardiac natriuretic peptide gene expression in proportion to the severity of the fetal cardiovascular compromise. To test this hypothesis, an in vitro organ culture model was developed to explore the direct effect of LPS-induced inflammation on the fetal myocardial expression of natriuretic peptides. Moreover, an in vivo mouse model with intra-amniotic LPS exposure was used to examine the impact of the severity of the cardiovascular compromise on fetal cardiac natriuretic peptide expression.
MATERIALS AND METHODS
The Animal Research Committee of the University of Oulu approved the study protocol. The animals were handled in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health. A total of 36 timed pregnant DBA/2 mice with 154 fetuses were included in the in vitro organ culture experiments. In addition, the in vivo experimental model consisted of 12 mice with 35 fetuses. The gestational ages of the fetuses were verified by the presence of a vaginal plug (d 0 of pregnancy).
In vitro organ culture. At 15-16 d of gestation (term 21 d), the mice were killed by cervical dislocation and the fetal hearts were carefully separated from the other tissues by using a sterile technique and transferred to a culture dish containing Dulbecco's modified Eagle's medium with glucose (4.5 g/L), glutamine (2 mM), penicillin (100 U/mL), streptomycin (100 g/mL), and fungizone (0.25 g/mL). Each culture dish consisted of four to five randomly isolated fetal hearts, which were maintained in culture at 37°C in a humidified atmosphere of 5% CO 2 and 95% air overnight. On the following day, the viability of the hearts was verified by the presence of spontaneous contractions. The medium was changed and the tissues were randomly chosen to be incubated with LPS (Escherichia coli 055:B5; Sigma Chemical Co., St. Louis, MO) 1 g/mL or vehicle for 6 h. After the experiment, the hearts were immediately frozen in liquid nitrogen and stored at -70°C until processed for mRNA analysis.
In vivo model. On the 15th or 16th gestational day, the mice were anesthetized (50 g midazolam, 3.2 g fentanyl citrate, 100 g of fluanisone per kilogram body weight subcutaneously) for ultrasonographic examination of the fetuses and surgery. Anesthesia was monitored by loss of toe-and tailpinch reflexes. After the baseline ultrasonographic examination (see below) of the fetuses, the mice were randomized to receive either LPS or vehicle. The uterine horns were exposed through a 1.5-cm midline abdominal incision. Either LPS or vehicle was injected into the amniotic sac of each fetus using a 30-gauge tuberculin syringe. LPS was solubilized in 0.9% sterile saline and diluted to a final concentration of 10 g/mL. In the LPS group (5 mice, 15 fetuses), a 25-L LPS injection was given into the amniotic cavity. An identical intra-amniotic injection of 25 L of 0.9% saline was given in the vehicle group (5 mice, 14 fetuses). Our previous study with tryphan blue demonstrated that the amniotic cavity was accurately targeted without penetration of the fetal skin or placenta (3). In the control group (2 mice, 6 fetuses), a sham operation was performed without any intra-amniotic injections. The abdominal cavity and the abdominal wall were closed after the injections. The mice recovered from the surgery in clean individual cages in warm (ϩ25°C) microisolators. After the last ultrasonographic examination, mice were killed and the fetal hearts were collected for further analysis.
Doppler ultrasonography. Identical ultrasonographic examinations were performed before and 6 h after the operation by using Acuson Sequoia 512 (Mountain View, CA) with a 13 MHz linear probe. The high-pass filter was set at its minimum. The scanning technique has been described previously (6, 7) . After localizing the fetuses, the fetal heart was identified by color Doppler, and the sample volume of pulsed Doppler was adjusted to cover the entire heart. Different views of the fetal heart were examined to minimize the insonation angle and to optimize the measurement of the maximal blood flow velocities. The maximal inflow and outflow blood flow velocities were recorded using a sweep speed of 100 mm/s. After identification of the DAo, ICA, IVC, and DV with color Doppler on the fetal sagittal view, their blood velocity waveforms were obtained by pulsed Doppler ultrasonography. The same technique was used to record the UA blood velocity waveforms. The data were videotaped and analyzed afterward using the cardiac measurement package of the ultrasound equipment. All the ultrasonographic examinations were performed by a single investigator who was blinded to the randomization.
TVI was measured from the outflow blood velocity waveforms by planimetering the area underneath the Doppler spectrum. After obtaining the FHR, outflow mean velocity (V mean ), which is directly proportional to volume blood flow, was calculated by the formula: V mean ϭ FHR ϫ TVI. The proportions of the isovolumetric relaxation (IRT%) and contraction (ICT%) times of the cardiac cycle were calculated. IRT was measured as the period between the end of ejection and the onset of filling, while ICT represents the period between the end of ventricular filling and the onset of ejection. In arterial circulation, the pulsatility index values [PI ϭ (peak systolic velocity Ϫ end-diastolic velocity)/time-averaged V max over the cardiac cycle] were obtained from the DAo, ICA, and UA blood velocity waveforms. In venous circulation, the pulsatility indices for veins [PIV ϭ (peak systolic velocity Ϫ velocity during atrial contraction)/time-averaged V max over the cardiac cycle] from the IVC and DV blood velocity waveforms were determined. Three consecutive cardiac cycles were analyzed for every measurement, and their mean values were used for further analysis.
Mean intraobserver variability in the outflow TVI measurements was 6.0% (95% confidence interval, 4.0 -8.4%), and the corresponding variability in the PI and PIV calculations ranged from 3.6 to 6.7% (95% confidence interval, 2.3-8.8%). In the time interval measurements, mean intraobserver variability ranged from 2.5 to 15.9% (95% confidence interval, 2.0 -21.8%) (3) .
Immediately after the second ultrasonographic examination, the mice were killed. The abdomen was opened, and the fetuses were identified according to their position at the ultrasonographic examination. The fetal hearts were harvested, and the ventricles and atria were separated under a dissection microscope using sterile technique. They were immediately frozen in liquid nitrogen and stored at -80°C until the ANP and BNP mRNA analyses.
Cytokine mRNA analysis by Rnase protection assay. Total RNA was isolated using Trizol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The mRNA levels of inducible nitric oxide synthase (iNOS), RANTES, IL-1␣, IL-1␤, TNF-␣, IL-1 receptor 1 (IL-1R1), and macrophage inflammatory protein (MIP)-2 were analyzed by Rnase protection assay (RPA) using the Riboquant multiprobe set (BD PharMingen, San Diego, CA) as described previously (3) . Constitutive GAPDH and L32 were analyzed as references. The quantity of protected RNA was determined using a PhosphorImager and associated software (Bio-Rad, Hercules, CA). Cytokine values were expressed as a ratio of the mRNA levels in the LPS versus control groups.
ANP and BNP mRNA analyses by quantitative reverse transcriptase PCR. The cDNA first strand was synthesized using M-MuLV reverse transcriptase from RNA extracted from mouse cardiac tissue. The quantitative PCR reactions were performed with an ABI 7700 Sequence Detection System using the TaqMan chemistry (Applied Biosystems, Foster City, CA). The forward and reverse primers for mouse ANP mRNA detection were GAAAAGCAAACTGAGGGCTCTG and CCTACCCCCGAAGCAGCT, respectively. The amplicon was detected using the bifunctional fluorogenic probe 5=-Fam™-TCGCTGGCCCTCGGAGCCT-Tamra™-3=. The corresponding forward primer, reverse primer, and probe for mouse BNP mRNA detection were AGGCGAGACAAGGGAGAACA, GGAGATCCATGCCG-CAGA, and 5=-Fam™-CATCATTGCCTGGCCCATCGC-Tamra™-3=, respectively. The results were normalized to 18S RNA quantified from the same samples using the forward and reverse primers TGGTTGCAAAGCT-GAAACTTAAAG and AGTCAAATTAAGCCGCAGGC, respectively. The probe for 18S was 5=-Vic™-CCTGGTGGTGCCCTTCCGTCA-Tamra™-3= (8) .
Statistical analysis. Statistical analysis was performed by using ANOVA when comparisons were made between the three groups and the data were normally distributed. If statistically significant differences were seen, the Scheffé F test was used for further analysis. If the data were not normally distributed, the nonparametric Kruskal-Wallis test was used. Linear regression analysis was used to show the relationship between the examined parameters. A p value of Յ0.05 was considered statistically significant.
RESULTS
Cytokine and natriuretic peptide mRNA expression in in vitro cultured fetal hearts. Six hours after LPS exposure, the expressions of iNOS, RANTES, TNF-␣, IL-1␣, IL-1␤, and MIP-2 were significantly (p Ͻ 0.05) increased compared with vehicle-treated fetal hearts. The expression of IL-1RI remained constitutive (Fig. 1) . Fetal cardiac ANP and BNP mRNA expressions were not significantly increased 6 h after LPS exposure (Fig. 2) .
Fetal cardiac natriuretic peptide mRNA levels in in vivo model. The atrial and ventricular ANP and atrial BNP mRNA levels did not differ significantly between the groups. On the other hand, 6 h after the intra-amniotic LPS injection, the expression of ventricular BNP mRNA was increased (p Ͻ 0.05) compared with the vehicle and control groups (Fig. 3) .
Doppler ultrasonography. The baseline ultrasonographic parameters did not differ between the groups. In the LPS group, 6 h after the injection, FHR and outflow V mean were lower (p Ͻ 0.01), and ICT% and IRT% values were higher (p Ͻ 0.001) than in the vehicle and control groups (Table 1 ). In the LPS group, the DAo and UA PI values were higher (p Ͻ 0.01) than in the vehicle and control groups. However, the ICA PI values did not differ significantly between the groups. In venous circulation, PIV in IVC and DV were higher in the LPS group than in the vehicle and control groups. Doppler ultrasonographic parameters showed no significant differences between the vehicle and control groups six hours after the operation ( Table 1) .
Correlation of Doppler ultrasonographic parameters with ventricular BNP mRNA expression.
A negative correlation (R ϭ 0.56, p Ͻ 0.005) was found between ventricular BNP mRNA expression and outflow V mean (Fig. 4) . Positive correlations were found between ventricular BNP mRNA expression and DAo PI (R ϭ 0.56, p Ͻ 0.005) and ICT% (R ϭ 0.62, p Ͻ 0.001). In venous circulation, ventricular BNP mRNA expression correlated positively (R ϭ 0.41, p Ͻ 0.05) with IVC PIV (Fig. 4) .
DISCUSSION
Based on our earlier findings, this study was designed to further explore the relationships between fetal myocardial inflammation, cardiovascular compromise, and cardiac natriuretic peptide expression after endotoxin-induced severe fetal cardiac dysfunction. Our in vivo fetal mouse model showed that ventricular BNP mRNA expression was significantly induced, whereas atrial and ventricular ANP and atrial BNP mRNA expressions were not activated after an LPS injection. These fetuses demonstrated similar signs of severe cardiovascular dysfunction that have been previously described in a mouse model of fetal inflammatory response (3). In contrast, direct stimulation with LPS significantly induced proinflammatory cytokine production without a detectable increase in natriuretic peptide expression in cultured fetal hearts.
An increase in workload initiates an adaptive process to maintain or even increase cardiac output (9) . Increased transcription of the BNP gene and elevated BNP levels in the ventricles have been seen in experimental cardiac overload models (10) . A chronic cardiac overload in humans also substantially increases the ventricular levels of BNP mRNA (11) . Our results with the in vivo mouse model demonstrated that, in the fetal ventricle, BNP mRNA expression is increased in proportion to a rise in the ventricular afterload. This finding is in agreement with earlier studies revealing that wall stretch induces rapid activation of BNP gene expression within one hour in the left ventricle (12) , whereas induction of ANP gene expression is seen within 1 d after the initiation of increased cardiac overload (13) . Inflammation has been suggested to increase plasma concentrations of natriuretic peptides in adults with acute cardiac allograft rejection (14) . In addition, Tomaru and co-workers (15)have shown LPS induced production of BNP in isolated neonatal cardiomyocytes in vitro. In in vitro organ culture, we found significant inductions of various proinflammatory mediators in fetal heart after LPS exposure, which confirms the findings made with our earlier in vivo model. However, no induction in the expression of natriuretic peptides was found in vitro, indicating that acute exposure to bacterial toxin does not directly influence the expression of the natriuretic peptides in the fetal heart.
In adult animal models, early myocardial dysfunction has been related to direct LPS effects and rapid LPS-stimulated production of proinflammatory cytokines (16, 17) . Reduced function and contractile reserve occur within minutes to hours following LPS exposure (18) . After the intra-amniotic LPS injection, the fetal cardiac outflow mean velocity, which is directly proportional to volume blood flow, was less than that in the fetuses without LPS, indicating a drop in the fetal cardiac output. Again, there was a significant negative correlation between the level of ventricular BNP mRNA and the fetal cardiac outflow mean velocity. The fetuses with an intra-amniotic LPS injection had greater ICT% and IRT% than the other fetuses. The higher the ventricular expression of BNP, the greater was ICT%. This shows that the pressure generation of the myocardium in the early part of systole as well as the myocardial relaxation in early diastole were impaired. In adults, BNP has been shown to be a sensitive marker of silent myocardial ischemia and a good predictor of heart failure (19) . In the present mouse model of fetal inflammatory response, fetal cardiac compromise was characterized by a drop in cardiac output and abnormalities in the early phases of the myocardial contraction and relaxation processes.
In human fetuses with placental insufficiency and a rise in the umbilical artery N-terminal peptide of proANP concentrations, pulsatility in the systemic venous blood velocity waveforms was found to be increased compared with fetuses with normal umbilical artery concentrations of N-terminal peptide of proANP (20) . Thus, increased pulsatility in the systemic venous blood velocity waveforms reflects a rise in systemic venous pressure (21) . In the present study, a rise in ventricular BNP mRNA was related to increased PIV values in DV and IVC. This finding demonstrates that increased pulsatility in the systemic venous blood velocity waveforms is associated with fetal cardiac compromise.
Atrial and ventricular ANP gene expressions were not acutely induced following LPS. Previous fetal studies have shown that ventricular ANP is released in response to a rise in fetal cardiac afterload (22, 23) . It is possible that ventricular ANP production is activated after longer ventricular exposure to increased afterload. The atria and fetal ventricles contain large quantities of stored proANP (24) . Thus, in principle, substantial amounts of ANP could be released from the heart without a need for increased transcription of the ANP gene or increased synthesis of proANP. The ANP mRNA levels may therefore not directly reflect the amount of circulating biologic activity of ANP. On the other hand, the cardiac levels of BNP mRNA and the circulating biologic activity of BNP are more closely linked because the cardiac stores of BNP are small and the secretion of BNP is dependent on constant synthesis (25) . Furthermore, plasma BNP levels have been reported to increase to a greater degree than ANP levels in patients with congestive heart failure (26) . The finding of increased ventricular BNP production with no significant increase in ANP secretion is thus in accordance with the previous findings.
Due to the small cardiac size of the fetal mouse, it is impossible to distinguish between right and left ventricular inflow and outflow areas with this ultrasound imaging technique. However, fetal circulation is characterized by open ductus arteriosus and foramen ovale. Fetal ventricles therefore function in parallel and the pressure faced by both ventricles is equal. The pathophysiological effects could thus be expected to be similar in both ventricles. Our previous study on fetal mice demonstrated good reproducibility of the Doppler parameters, thus validating this methodology (3). Similar results concerning reproducibility have also been reported previously in human and animal studies (6, 27) . 
INFLAMMATION AND FETAL CARDIAC PEPTIDES
In conclusion, in response to LPS, in vitro cultured fetal hearts showed increased production of proinflammatory cytokines, whereas cardiac natriuretic peptide expression levels remained unaffected. This suggests that the acute inflammation caused by bacterial endotoxin does not significantly induce cardiac natriuretic peptide expressions in the fetus. Our in vivo model showed acute fetal cardiac dysfunction after intra-amniotic LPS, which was related to an increase in ventricular BNP mRNA expression. A rise in fetal ventricular BNP mRNA expression was associated with an increase in fetal cardiac afterload, a drop in fetal cardiac output, abnormalities in the early phases of myocardial relaxation and contraction periods, and a rise in the pulsatility of the systemic venous blood velocity waveforms. Thus, ventricular BNP gene expression was increased in proportion to the severity of the fetal hemodynamic compromise.
